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Abstract
The repressor encoded by the cI gene of the temperate Lactococcus lactis subsp. cremoris bacteriophage TP901-1 has been purified.
Gel-retardation and footprinting analyses identified three palindromic operator sites (OR, OL, and OD). The operator site OR is located
between the two divergent early promoters PR and PL, OL overlaps the transcriptional start of the lytic PL promoter, and OD is located
downstream of the mor gene, the first gene in the lytic gene cluster. The function of OL was verified by mutational analysis. Binding was
found to be specific and cooperative. Multimeric forms of the repressor were observed, thus indicating that the repressor may bind
simultaneously to all three operator sites. Inverted repeats with homology to the operator sites of TP901-1 were identified in phage genomes
encoding repressors homologous to CI of TP901-1. Interestingly, the locations of these repeats on the phage genomes correspond to those
found in TP901-1, indicating that the same system of cooperative repression of early phage promoters has been inherited by modular
evolution.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Lactococcus lactis strains are widely used in the dairy
industry for milk fermentations that are carried out in a
nonsterile environment and are therefore susceptible to in-
fection by bacteriophages. A large number of natural oc-
curring phage-resistance mechanisms with different speci-
ficities have been isolated during the years (Forde and
Fitzgerald, 1999). Lysogeny has also been found to be
widespread in L. lactis (Jarvis, 1989; Davidson et al., 1990)
and has been suggested to be an important parameter during
evolution of phages infecting L. lactis (Chopin et al., 2001;
Hendrix et al., 1999; Smith et al., 1999) due to the increased
possibility for genetic exchange between phage genomes.
Furthermore, the presence of a prophage will render the host
resistant to infection by homo-immune phages and hence
improve the survival of the lysogenic bacteria.
TP901-1 belongs to the P335 group of lactococcal
phages (Braun et al., 1989), containing both temperate and
lytic members. The sequenced genome of 37,667 bp has
been found to encode 56 open-reading frames organized in
two divergently located gene clusters, one consisting of four
genes (Fig. 1) and one large cluster containing the remain-
ing 52 genes (Brøndsted et al., 2001). In the intergenic
region between the two clusters two divergently located
promoters (PL and PR) have been identified by primer ex-
tension and promoter fusions (Madsen and Hammer, 1998).
The PR promoter promotes transcription of four genes (orf1
to orf4) (Fig. 1) (Madsen et al., 1999). Orf1 and Orf4 have
been identified as the integrase and the repressor, respec-
tively (Christiansen et al., 1994; Madsen et al., 1999), while
orf2 and orf3 have been shown to encode a phage exclusion
system excluding lactococcal phages of the 936 group, but
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not those of the P335 group (McGrath et al., 2002). These
are all functions that are important for establishment and/or
maintenance of lysogeny. In contrast, the PL promoter tran-
scribes genes required for the lytic life cycle of TP901-1,
three of which are shown in Fig. 1. The first gene in the lytic
transcript (orf5) has been shown to encode a modulator of
repression called MOR (Madsen et al., 1999). The second
gene (orf6) in the lytic gene cluster encodes a putative
antirepressor, whereas orf7 has been shown to encode the
TP901-1 excisionase (Breuner et al., 1999).
Based on sequence analysis temperate bacteriophages
infecting lactic acid bacteria are placed in the proposed 
supergroup of Siphoviridae (Brussow and Desiere, 2001).
Interesting, however, it was noted (Lucchini et al., 1999)
that the genetic organization of the lysogeny-related genes
in most temperate phages infecting low GC gram-positive
hosts is conserved but different from the organization found
in phage . The divergent promoters transcribing the repres-
sor and the early lytic cluster, respectively, is, however,
present in both types of phages. Evidence concerning the
mechanisms governing the phage switches in the gram-
positive group of temperate phages having the genetic or-
ganization depicted in Fig. 1 is still scarce. However, ex-
periments performed with the Lactobacillus phages A2 and
gle show that both repressor and Cro bind to multiple
operator sites in the divergent promoter region in a fashion
mimicking the phage  genetic switch. This results in a
choice between CI-mediated repression of the lytic pro-
moter, or Cro repression of the lysogenic promoter promot-
ing repressor synthesis (Ladero et al., 1998, 1999; Garcia et
al., 1999; Ladero et al., 1999; Kakikawa et al., 1998,
2000a,b). In contrast, the evidence so far available indicates
that the switch in TP901-1 is different and may be based on
an antirepressor function of the topological equivalent of
cro (mor). Published experiments for the related lactococcal
phages r1t, LC3, Tuc2009, and BK5-T do not yet allow
conclusions concerning the regulation of the switches in
these phages except that CI is involved in repression in
phages r1t and LC3 (Blatny et al., 2001; Nauta et al., 1996;
1997). For TP901-1 the CI repressor has been shown to give
immunity to infection by TP901-1, and promoter fusions
showed that the CI repressor alone is able to repress the PR
promoter as well as the divergently orientated lytic PL
promoter (Madsen et al., 1999). When MOR is expressed at
high levels in a short pulse it is able to counteract the CI
repression of the lytic promoter PL. Furthermore, L. lactis
subsp. cremoris transformed with a plasmid containing PL
and PR as well as the cI and mor genes showed clonal
variation, since in each transformant PL promoter activity
was either repressed or derepressed. MOR was needed for
the clonal variation. However, repression of the promoter
was still dependent on CI, since MOR alone had no effect
on the activity of the PL promoter (Madsen et al., 1999).
Thus, MOR somehow counteracts CI repression of PL,
but in order to investigate this we need, however, first to
understand more precisely the mechanism of CI repression
of the TP901-1 promoters. This is the topic of the present
communication. The TP901-1 CI protein (Fig. 2) contains a
N-terminal helix-turn-helix (HTH) domain (from Ile12 to
Leu72) with homology to the Pfam HTH_3 family of do-
mains (Sonnhammer et al., 1997), including many regula-
tory proteins. Among these are repressor proteins from
lambdoid bacteriophages (e.g., CI from the Escherichia coli
bacteriophages  and 434 and C2 from the Salmonella
typhimurium bacteriophage P22) that have been shown to
bind to DNA and thereby inhibit transcriptional initiation by
RNA polymerase (Wu et al., 1972; Bushman, 1993; Poteete
and Ptashne, 1982). Previously, we have shown by the use
of transcriptional fusions that TP901-1 CI represses tran-
scription of the early promoters (PR and PL) (Madsen et al.,
1999). In this work we have therefore purified the CI pro-
tein, investigated the DNA-binding properties of CI, and
determined the localization of the operator sites on the
phage genome.
Results
CI repression of the PR and PL promoters in vivo
By the use of transcriptional fusions we have previously
shown that transcription of the PL and PR promoters located
on an 837-bp fragment is repressed in vivo by the presence
of cI (Madsen et al., 1999) showing that CI-binding sites are
located within this DNA fragment. To further limit the
regulatory region a smaller fragment, in which 520 bp
downstream of PR was deleted, was produced in the present
study (P3, Fig. 3A). The 317-bp P3 fragment covering the
region from 70 for PR to 140 for PL was cloned as PL-
and PR-transcriptional fusions to the lacLM genes in the
promoter probe vector pAK80 (Israelsen et al., 1995). As
expected it was found that the P3 fragment carries diver-
gently located promoter activity in L. lactis MG1363 cor-
Fig. 1. Genetic organization of the lysogeny region of temperate lactococ-
cal bacteriophage TP901-1. The gene functions suggested by Lucchini et
al. (1999) are shown above the drawing, while the identified TP901-1 gene
functions are shown below, using the gene symbols for TP901-1. PL and PR
in TP901-1 indicate the lytic promoter and the promoter transcribing the
repressor, respectively. Note that PR (repressor) is pointing to the left and
PL (lytic) to the right.
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responding to the PL and PR promoters (see pAJ149 and
AJ155, respectively, Table 1). Furthermore, the PL and PR
promoters present on the P3 fragment were repressed by CI
donated in trans (pAJ80, Madsen et al., 1999) to similar
levels as found using the 837-bp fragment including the CI
frameshift mutation (Table 1). The results clearly show that
the binding sites (operator sites) required for repression of
both PL and PR promoters by CI must be contained within
the 317-bp P3 fragment.
The binding of TP901-1 CI to the genetic switch region is
specific and cooperative
The CI protein was overexpressed in E. coli and partially
purified (at least 80% pure) and the resulting CI protein was
used for in vitro DNA-binding studies. In an electrophoretic
mobility shift assay (EMSA, Fig. 3B) the presence of CI
resulted in a change in the electrophoretic mobility of the P3
fragment (Fig. 3A) and upon increasing CI concentration
several complexes with different electrophoretic mobility
are formed (Fig. 3B, left). This may either be due to binding
of increasing numbers of repressor subunits per DNA mol-
ecule or due to formation of different complexes. The ob-
served CI binding was sequence specific, since control DNA
(CF) was not able to bind to CI (Fig. 3B, right) and addition
of unlabeled P3 DNA could compete with the P3 DNA
fragment for binding to CI in a competitive EMSA (data not
shown). Furthermore, no retardation of the P3 DNA frag-
ment was observed using a protein extract prepared from the
control strain not containing the CI expression plasmid (data
not shown), showing that the observed binding to the P3
fragment is CI specific and not caused by protein impurities
in the CI extract.
A binding isotherm was drawn and an apparent dissoci-
ation constant (Kd app) was determined as the concentration
of CI protein (in monomeric equivalents), which gives half-
maximal binding of P3 DNA (Fig. 3B). A replot of the data
(log CItotal vs log %bound DNA/% unbound DNA) found in
the binding isotherm results in a Hill plot (data not shown).
The slope in a Hill plot is the Hill coefficient, which can be
used as a quantitative measure of the degree of cooperativity
in binding. The CI repressor was found to bind to the P3
DNA fragment with an apparent dissociation constant of 2
nM (/ 0.6 nM) and a Hill coefficient of 2.2, indicating
tight and cooperative binding under the experimental con-
ditions.
The binding of CI to P3 in EMSA was highly sensitive
toward temperature and ionic strength, which also has been
shown for other protein: DNA complexes (Fried and Croth-
ers, 1981; Riggs et al., 1970; Carey, 1988). An increase in
NaCl concentration from 0.1 to 1.0 M in the EMSA (cor-
responding to an increase of the ionic strength) resulted in a
Fig. 2. Alignment of repressor proteins from bacteriophages infecting Lactococcus lactis (TP901-1, bIL285, bI1286, and 31; Accession Nos. NP_112667,
NP_076576, NP_076638, and CAC04154, respectively), Staphylococcus aureus (PVL; Accession No. NP_058469), and Streptococcus thermophilus
(O1205; Accession No. T13292). Amino acids identical in all sequences are marked by “*”, while amino acids identical in five out of six sequences are
marked with “–”. Amino acids, which are identical to those found in CI from TP901-1, are indicated in the gray box. Helix-turn-helix domains predicted with
the Pfam algorithm (Sonnhammer et al., 1997) by software at http://www.sanger.ac.uk/Pfam are underlined. The region with sequence homology to repressors
encoded by lactococcal phages rlt, LC3, and Tuc2009 are labeled with a dotted line above the TP901-1 sequence (Madsen and Hammer, 1998).
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40-fold increase of the Kd app and an increase in temperature
from 0.8 C to 35°C resulted in a 350-fold increase of the
Kd app respectively (data not shown). At the optimal growth
temperature for Lactococci (30°C) Kd app was determined to
180 nM. The increasing values of Kd app as the ionic strength
or temperature increases correspond to less tight binding
between CI and P3. In contrast, the binding isotherms be-
came steeper with increasing temperature or ionic strength,
respectively, corresponding to an increase in the cooperat-
ivity in binding (data not shown). The EMSA assays were
therefore performed at low temperature (0.8°C) and low
ionic strength (0.1 M NaCl) to obtain the most sensitive
binding in our in vitro system.
TP901-1 CI binds to two DNA regions present in the
PR–PL region
The EMSA experiments show that TP901-1 CI binds to
the 317-bp P3 fragment. In order to determine the DNA
sequences that are protected by CI within this region
DNaseI footprinting was performed. As shown in Fig. 4 two
regions protected by the CI protein were clearly revealed.
The protected regions were identified as (1) OR, a region
between the PR and PL promoters, and (2) OL, a region
downstream of the PL promoter (Fig. 4 and 5). The size of
the two protected regions depends on whether the DNA is
labeled at the upper (OR; 29 bp; OL, 27 bp) or the lower
Fig. 3. (A) The P3 DNA fragment used for in vivo CI regulation of the PR and PL promoter, gel electrophoresis mobility-shift assays (EMSA), and DNaseI
footprinting. The 10 and 35 regions for the PR and PL promoters are indicated with black boxes, and the transcriptional start points for cI and mor are
indicated as 1. (B) Standard gel electrophoresis mobility-shift assays and binding isotherms for the P3 (left) and control DNA fragment (CF, right). The
first lane in the EMSA contains no CI protein, while the concentration of CI (in monomer equivalents) increases by a factor of two from left to right. The
percentage of unbound DNA fragment in each lane is measured and the binding isotherm is drawn. The data in the binding isotherms arise as an average
of at least two independent experiments. The apparent dissociation constant (Kd app) is read at the crossing point between the indicated horizontal line at 50%
bound DNA and the actual binding curve. Kd app is expressed as monomeric CI equivalents.
Table 1
Expression and CI regulation of the PR and PL promoters
Strain Plasmid Fusion to lacLM Insert (bp) Specific -gal activitya Foldc
CI CIb
AJ189 pAJ149 PL P3 (317) 383 (45.7) 1.26 (0.28) 304
AJ218 pAJ155 PR P3 (317) 23.2 (8.23) 0.20 (0.26) 116
PM87 pPM138 PL cI (837) 61.7 (34.2)d 0.15 (0.01) 411
PM85 pPM136 PR cI (837) 14.5 (3.59)d 0.28 (0.08) 52
PM88 pAK80 — — 0.11 (0.09) — —
a The measurements (in Miller units) are averages of three to six experiments and the standard deviation is shown in parentheses.
b CI is donated in trans by the pAJ80 plasmid (Madsen et al., 1999).
c Fold repression by CI upon comparison of the specific -galactosidase activity of the promoter fusion plasmids in the absence and presence of CI.
d Construct containing a frameshift mutation in CI (Madsen et al., 1999).
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strand (OR, 20 bp; OL; 26 bp) (Fig. 5B). No regions showed
increased sensitivity to DNaseI, suggesting that DNA did
not bend upon CI binding. The locations of the protected
regions suggest that binding of CI at the OR site represses
the PR and PL promoters, while binding of CI to OL re-
presses only PL.
CI is dimeric and binds operators as a dimer and higher
multimers
Regulatory proteins often form multimers (Gicquel-San-
zey and Cossart, 1982). Cross-linking of a protein with
bifunctional reagents (e.g., glutaraldehyde) may be used to
investigate the subunit structure of oligomeric proteins.
SDS-PAGE analysis of the products of the cross-linking
reactions (Fig. 6) showed three bands corresponding to
complexes with molecular weights of 42 kDa, more than
115 kDa, and more than 182 kDa, respectively. The theo-
retical subunit molecular mass of the CI protein is 21 kDa,
suggesting that in solution repressor is predominately a dimer
but higher multimeric forms are also observed. Cross-linking
experiments were also performed in the presence of specific P3
DNA, which binds CI in vitro (Fig. 3A) and contains elements
necessary for CI regulation of the PL and PR promoters in
vivo (Table 1). As shown in Fig. 6 the cross-linking of CI
was not affected by the presence of specific DNA at a ratio
of 85:1 (expressed as CI monomers per P3 DNA molecule);
a ratio of 5:1 gave the same results (data not shown).
The CI consensus-binding site is an inverted repeat
The CI-binding regions (OR and OL) identified by the
footprinting experiments contain several repeated se-
quences, which may be target sites for CI. Since the PL–PR
region is very A/T rich (75% A/T) several repeats are
present; however only repeats with a minimum length of
eight nucleotides and a maximum of two mismatches are
shown in Fig. 5A. The inverted repeats IV and I are the only
repeats present in both binding regions (OL and OR), sug-
gesting that they may be CI operator sites.
The importance of inverted repeat I for CI binding was
tested by in vitro binding of CI to DNA fragments covering
various parts of the genetic switch region of TP901-1.
EMSA experiments were performed and the apparent dis-
sociation constants (Kd app) and Hill coefficients were cal-
culated and compared to the values obtained for the P3
fragment (Fig. 5A). By this analysis we found that a 126-bp
deletion including part of OL (fragment P2) decreased the
affinity of CI (increased the Kd app) for the fragment 35-fold,
showing that sequences important for binding of CI were
missing. The sequences deleted in the P2 fragment include
4 bp of inverted repeat I, but did not affect inverted repeat
IV, showing that inverted repeat I is the operator for CI. The
importance of a complete inverted repeat I for CI binding
was confirmed by showing that full CI repression of the PL
promoter could not be obtained with the P2 fragment in vivo
(Fig. 5A, and see below). Thus, the CI operator is identified
as inverted repeat I.
To identify other putative CI operator sites important for
the genetic switch the lysogeny region of TP901-1 (Fig. 1)
was searched for sequences similar to inverted repeat I. One
additional operator site (OD) was found downstream of the
mor gene (Figs. 7A and C). CI retarded a DNA fragment
containing the OD site in a gel-mobility shift assay, con-
firming that CI is able to bind to a DNA fragment containing
OD (data not shown). By alignment of the half-sites present
in OR, OL, and OD, a 19-bp palindromic consensus CI-
binding site (Oc) was predicted to which the OL and OD
operators have one base pair mismatch and OR has three
mismatches, respectively (Figs. 7A and C).
Fig. 4. DNaseI footprinting with CI and the P3 DNA fragment labeled at
either the upper strand (A) or the lower strand (B). A/G indicates the
respective A/G sequence in the P3 fragment. The DNaseI footprint reac-
tions were performed as described under Materials and methods with none
or increasing concentrations of CI (10, 100, and 200 nM expressed in
monomer equivalents) as indicated with “–” and an arrow, respectively.
Regions protected by CI are drawn as black lines (OR and OL) and the
sequence shown. The PR and PL promoters are indicated and the transcrip-
tional start point (1) for mor is indicated.
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Function of the operator sites in vitro and in vivo
In the P6 and P5 fragments (Fig. 5A) one of the operator
sites OL or OR was deleted, in addition to the corresponding
promoters. EMSA experiments showed that CI does not
bind OR by itself (fragment P6) but does bind OL (fragment
P5). A 14-fold decreased affinity was observed, relative to
fragment P3, which contains both OR and OL (Kd app) of 2
and 28, respectively). In contrast to P3 fragment, the P5
fragment yielded a Hill coefficient of 1.1, which is indica-
tive of noncooperative binding. Deletion of part of the OL
region (fragment P2) not only increased Kd app but also
reduced the Hill coefficient to 1.5, indicating a loss of
cooperativity. Thus, both sites are necessary for full coop-
erativity of CI binding in vitro.
In vivo CI repression of the promoters on the P2, P3, P5,
and P6 DNA fragments was investigated by cloning the
respective DNA fragments as PL- and PR-transcriptional
fusions to the lacLM genes of the promoter probe vector
pAK80 (Israelsen et al., 1995) and examining colony color
on plates containing 5-bromo-4-chloro-3-indolyl--D-galac-
topyranoside (X-gal). Binding of CI to the P5 (Fig. 5A)
clone in vivo completely represses PL and yields white
colonies. The blue color of the P6 clone in the presence of
CI indicates either reduced or lack of repression of PR.
Measurements of enzyme levels revealed that the P6 frag-
ment caused 38-fold repression of PR, whereas the P3 frag-
ment, which contains both operator sites, gave 116-fold
repression (data not shown). Furthermore, tight regulation
of both PR and PL is lost upon deletion of part of OL
(fragment P2), since colonies were light blue, in contrast to
white colonies containing the P3 clones. Thus, full repres-
sion in vivo of PL requires only DNA present on the 185-bp
P5 fragment, suggesting that CI repression of PL promoter
can be achieved by interaction with OL alone. In contrast,
full repression of PR in vivo is obtained only with the
317-bp P3 fragment and may thus require interaction with
OR and OL simultaneously.
The importance of OL-binding site in regulation of the
lytic promoter PL was further verified by isolation of mu-
tants that decreased repression of PL in the presence of CI.
Mutants were isolated as blue colonies on X-gal plates in
the presence of CI, either after ethylmethane sulfonate
(EMS) mutagenesis or after propagation of PR–PL region
Fig. 5. (A) DNA fragments used for in vivo and in vitro analysis of the genetic switch of TP901-1. The regions (OR and OL) protected by CI in a DNaseI
footprint are indicated as gray boxes. The 10 and 35 regions for the PR and PL promoters are drawn as black boxes and the transcriptional start site
separated by 101 bp for cI and mor, respectively, are shown as 1. The transcriptional start sites correspond to bp 3212 and bp 3314 in the annotated DNA
sequence (Accession No. AF304433 (Brøndsted et al., 2001)). Inverted repeats (I– IV) of a minimum of eight nucleotides and a maximum of two mismatches
overlapping the operator sites are indicated with arrows (solid and dotted corresponding to one and two mismatches, respectively). For the in vivo experiments
TP901-1 DNA fragments were fused as PR and PL fusions to the lacLM genes of the promoter probe vector pAK80 (Israelsen et al., 1995). The color of L.
lactis subsp. lactis MG1363 transformants containing the various pAK80 derivatives in the absence or presence of CI (donated in trans by pAJ80 (Madsen
et al., 1999) were identified as either blue (B), white (W) or light blue (LB), colonies, respectively, on plates containing X-gal. ND corresponds to not
determined. The results of the in vitro experiments (EMSA) with the DNA fragments are indicated as Kd app values (apparent dissociation constant) and Hill
coefficients. The Kd app and the Hill coefficients give a quantitative measurement of the affinity of CI for the tested DNA fragment (lowest Kd app equals highest
affinity) and the degree of cooperativity in binding (2, cooperativity, and 1, no cooperativity, respectively). (B) DNA sequence of the regions (OR and OL)
protected by CI in DNAse I footprinting. The extension of the protected regions is shown as gray boxes upon labeling of either the upper or the lower DNA
strand.
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(fragment P3, Fig. 5A) plasmids in the E. coli mutator strain
XL1-red (Stratagene). Mutants (M1–M3) all had single base
substitutions in OL (Fig. 7B). Analysis by EMSA (data not
presented) showed that the mutations caused a decreased
affinity for CI and gave Kd app of 4, 9, and 12 nM for M2,
M3, and M1, respectively. In contrast, the wild-type P3
fragment gave a Kd app of 2 nM.
Discussion
In this paper three palindromic operator sites (OL, OR,
and OD) for the CI repressor encoded by the lactococcal
phage TP901-1 were identified by in vitro footprinting and
gel-retardation experiments. The activity of OL was verified
by the characterization of mutants. The OR site is located in
a position overlapping the 35 region of both PL and PR
and repressor bound at OR is expected to block access of
RNA polymerase to both promoters. In contrast, OL over-
laps the transcriptional start point of PL, and repressor
bound to OL is expected only to block initiation of tran-
scription from PL. Repressor bound to OD, that partially
overlaps the C-terminal end of the mor gene, might serve
as a downstream road block for transcriptional elongation
from PL.
Cooperative binding of CI to DNA containing two op-
erator sites was found, showing that binding to one operator
site helps binding to the next. The distance between OR and
OL is 63 bp and corresponds exactly to six turns of the DNA
helix (assuming 10.5 bp per turn), and would allow a mul-
timeric DNA-binding protein to bind to both operator sites
simultaneously on the same side of the DNA helix. The OD
site may also participate in cooperative binding of CI and in
this way increase occupancy, and hence increase repression,
at OR and OL. The OD site is located 247 bp from OL, and
cooperative binding to two separate operator sites has been
shown to occur at distances up to 5 kbp in E. coli (Dandanell
et al., 1987). At distances above approximately 200 bp,
DNA is flexible enough to allow twisting (Bellomy et al.,
1988); hence, there is no requirement for OD and OL to be
on same face of the helix. Cross-linking showed that CI
exists as dimers and hexamers and/or higher multimers in
solution. The palindromic operator predicts that two sub-
units of CI are required for binding. A hexamer or higher
multimer would thus be able to bind all three operator sites
simultaneously. The cooperativity observed when CI binds
both operator sites on the P3 fragment may thus be a
combination of CI subunit-subunit assembly into multi-
meric forms, plus the chelating effect of having two oper-
ator sites present on the DNA that are able to bind to the
same multimeric CI complex.
In the lysogenic state the lytic promoter needs to be
completely repressed. However, the regulatory switch of the
phage should be able to respond to the inducing signal
which, for lactococcal phages, is also DNA damage. The
response should be full induction of the lytic promoter. As
shown for E. coli phage  (Dodd et al., 2001), cooperative
binding of repressor to several operators would ensure that
the change in CI concentration required for switching from
repression to induction is small. We have shown that OL is
important for repression of both PL and PR, even though
binding to OL alone is not expected to interfere directly with
PR and is probably due to an increased occupancy of OR
when CI is also bound to OL. In the lysogenic bacterium it
is expected that within the normal range of CI concentra-
tion, the PL promoter is closed while PR should occasionally
allow transcription of the cI gene and probably sieA and
sieB (superinfection exclusion genes). This model is sup-
ported by the tighter binding of CI to OL than to OR.
Cooperative binding of CI to two or perhaps three operator
sites in a looped DNA-CI multimeric complex could allow
transient release of one operator. Release of OR would allow
transcription from PR, while maintaining repression of PL
by occupancy of OL. In contrast, transient release of OL
should not allow transcription from PL due to the continued
occupancy of CI at OR.
A consensus sequence of a 19-bp operator (OC) was
established, consisting of an 8-bp palindromic sequence
separated by a 3-bp A/T-rich central region (Fig. 7C).
Searching the whole genome of TP901-1 for the OC se-
quence revealed a fourth site, located between orf54 and
orf55, centered at position bp 35306. This site has three
mismatches to the consensus OC sequence, one being the C
to T change found in mutant M1, which reduces CI binding
(Fig. 7B). In the prophage almost 32 kbp separate this fourth
site from the known operators, and just after infection on the
circular phage genome the separation would be 5624 bp.
This fourth site is therefore not expected to regulate the
TP901-1 lysis-lysogeny switch.
Fig. 6. Cross-linking of the CI protein. SDS-PAGE analysis of the products
of cross-linking reactions performed with CI protein, estimated to be at
least 80% pure, and the indicated amounts of the cross-linker glutaralde-
hyde with () and without () the presence of specific DNA (P3),
containing the PR–PL region of TP901-1. The cross-linking experiment
shown is performed with a CI:P3 ratio of 85:1 (expressed as CI monomeric
equivalents per P3 DNA molecule). CR indicates concentration of cross-
linker in w/v %. Lane 1; CI DNA; lane 2; CI  DNA, lane 3; molecular
weight standard (Prestained BenchMark protein ladder (GibcoBRL); lane
4; CI DNA; lane 5; CI  DNA; lane 6; CI  DNA; lane 7; CI  DNA;
lane 8; CI  DNA; lane 9; CI  DNA; lane 10; lysozyme (control for
unspecific cross-linking).
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Repressors with considerable similarity to TP901-1 CI
were found by sequence comparison (Fig. 2). Five of the six
repressors shown in Fig. 2 are highly similar in the pre-
sumed DNA-binding domain and we therefore looked for
potential operators with sequence similarity to the estab-
lished TP901-1 operators (Fig. 7C). In all cases the putative
operators are located in the same positions as in TP901-1.
The same positions have also been observed for the opera-
tors in the lactococcal phages r1t and LC3, both of which
contain repressors with only weak homology to TP901-1 CI
(Blatny et al., 2001; Nauta et al., 1996). The three operator
sites in bIL285 are identical to those found in TP901-1
except for 1-bp change in the O3 site ( OD); the two
phages are therefore expected to be homoimmune. The
similarity of the operator sites in PVL also indicates that
this phage exhibits TP901-1 immunity, whereas 31 and
O1205 are probably too different to be repressed by the
TP901-1 repressor. Common hosts for these phages have
not been found (for some, e.g., bIL285 and PVL, even
phage-sensitive hosts are unknown); therefore, the hypoth-
esized homoimmunity group of phages has not been tested
experimentally. It should, however, be noted that 31 is a
lytic phage; however, sequence analyses show that it prob-
ably originated from the P335 class of temperate phages
(that includes TP901-1) by deletion of integrase and
changes in repressor (Madsen et al., 2001). In accordance
with 31 being a lytic phage, it was also shown that the
repressor protein was not able to repress the lytic promoter.
The sequence comparisons shown in Fig. 2 and 7C il-
lustrate how repressor and the operator sites have been
Fig. 7. (A) Prediction of a palindromic CI consensus operator site (OC) on the basis of half-sites of the experimental identified CI-binding sites, OL, OR, and
OD. The center of the palindrome is marked with an asterisk. (B) Sequence of the OL mutants isolated as having decreased CI repression of the PL promoter
compared to the corresponding wild type (P3). Only mismatches to the OL site are indicated. (C) Localization and sequence of the predicted repressor-binding
sites (operator sites) in the genetic switch region of bacteriophages with repressor proteins of high homology with TP901-1 CI. The CI-binding sites for
TP901-1 (gray boxes) are identified by DNaseI footprinting, EMSA, deletion analysis, and mutant analysis. The putative operator sites (gray boxes) for the
temperate bacteriophages bIL285 (Lactococcus lactis subsp. lactis IL1403; Accession No. AF323668), O1205 (Streptococcus thermophilus CNRZ1205;
Accession No. U88974), PVL (Staphylococcus aureus ATCC49775; Accession No. AB009866), and the lytic bacteriophage 31 (Lactococcus lactis subsp.
lactis, Accession No. AJ292531) are predicted on the basis of the TP901-1 CI consensus operator site. Gray boxes in the table indicate mismatches compared
to the symmetrical CI consensus operator site (OC, W corresponds to A or T).
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distributed among phages infecting several different gram-
positive hosts: L. lactis subsp. cremoris and subsp. lactis,
Streptococcus thermophilus, and Staphylococcus aureus.
The same system of cooperative repression of the promoters
appears to have been inherited by modular evolution of the
phage genomes. However, only for TP901-1 have experi-
ments been performed that demonstrate how the choice
between the lysogenic and the lytic life cycles is made. The
first TP901-1 gene transcribed from the lytic promoter, mor
(the  cro homolog), may function as an antirepressor for CI
(Madsen et al., 1999). The amino acid sequences of the cro
homologues of the phages depicted in Fig. 7, that have
almost identical CI repressors and operator sites, have 50–
100% similarity to TP901-1 Mor, while no such similarity
was found between the proteins encoded by the following
genes (orf6, the so-called antirepressor gene, and orf32).
The similarity between these cro homologs suggests that
function may also be preserved and thus they may also be
involved in the genetic switch between the lysogenic and
lytic states. In contrast, phages Tuc2009 and LC3 have
almost identical repressor proteins, but their Cro homo-
logues are completely different from each other and from
TP901-1 mor. With the apparent similarity in the regulatory
systems of repressors with high homology to CI of TP901-1
in mind, it would be very important in future work to clarify
the molecular role of mor in the genetic switch of TP901-1
and the related phages.
Materials and methods
Bacterial strains, enzyme assays, transformations, and
growth conditions
The bacterial strains used in this work are listed in Table
2. L. lactis strains were propagated at 30°C without shaking
in GM17 (M17 broth (Oxid Limited) supplemented with
0.5% w/v of glucose) (Terzaghi and Sandine, 1975) and 5
g erythromycin/ml and 5 g chloramphenicol/ml when
appropriate. Transformation of E. coli was performed as
described by Sambrook et al. (1989) while L. lactis were
transformed by electroporation as described by Holo and
Nes (1989). Screening on 5-bromo-4-chloro-3-indolyl--D-
galactopyranoside plates were performed at a concentration
of 90 g/ml after 21 h of incubation. For enzyme assays L.
lactis was grown, extracted, and assayed for - galactosi-
dase activity as previous described (Madsen et al., 1999).
DNA techniques
Plasmid DNA from E. coli was isolated essentially by the
method of Zhou and co-workers (1990) or by using Qiagen
Plasmid Midi kit as described by the manufacturer (Qiagen).
Isolation of plasmid DNA from L. lactis was performed by
the method described by O’Sullivan and Klaenhammer
(1993) or for high-quality DNA by Qiagen Plasmid Midi kit
modified by incubation (15 min, 37°C and with shaking) in
the lysis buffer from the kit supplemented with 20 mg ml1
lysozyme. Amersham Pharmacia Biotech supplied restric-
tion endonuclease enzymes, T4 DNA ligase, and buffer
systems. The PCR were performed using Cloned Pfu poly-
merase and buffer supplied by Stratagene. DNA sequencing
was performed by the method of Sanger et al. (1977) as
described in the protocol for the Sequenase version 2.0
DNA sequencing kit (U.S. Biochemical Corp.).
Construction of plasmids
The plasmids used in this study are listed in Table 3. The
DNA fragments (P2–6) were amplified in standard PCR
with plasmid pPM92 (Madsen et al., 1999) as template. The
P2 PCR product (primers rerm3BamHI and Erm2ABamHI)
was digested with BamHI and cloned into pAK80 (Israelsen
et al., 1995) also digested with BamHI as PL (pAJ92) or PR
(pAJ95) fusion to lacLM, respectively. Two P3 DNA PCR
fragments were amplified either with the primers PextPstI
Table 2
Bacterial strains used in this study
Strains Relevant description Reference or source
E. coli
DH5TM supE44 hsdR17 deoR recA1
endA1 lacZM15
Stratagene
XL1Blue recA1 endA1 gyrA96 thi-1
hsdR17, supE44, relA1 lac
[F proAB lacIq ZM15
Tn10 (TetR)]
Stratagene
XL1Red endA1 gyrA96 thi-1 hsdR17
supE44 relAl lac mutD5
mutS mutT Tn10 (TetR)
Stratagene
AJ145 XL1Blue/pUHE23-2 This study
AJ157 XL1Blue/pAHJ132 This study
L. lactis subsp
cremoris
MG1363 Gasson, 1983
PM75 MG1363/pPM126 Madsen et al., 1999
PM85 MG1363/pPM136 Madsen et al., 1999
PM87 MG1363/pPM138 Madsen et al., 1999
PM88 MG1363/pAK80 Madsen et al., 1999
AJ98 MG1363/pAJ80 This study
AJ110 MG1363/pAJ92 This study
AJ113 MG1363/pAJ95 This study
AJ186 MG1363/pAJ80 and pAJ155 This study
AJ189 MG1363/pAJ149 This study
AJ197 MG1363/pAJ157 This study
AJ198 MG1363/pAJ158 This study
AJ205 MG1363/pAJ80 and pAJ92 This study
AJ208 MG1363/pAJ80 and pAJ158 This study
AJ209 MG1363/pAJ80 and pAJ149 This study
AJ218 MG1363/pAJ155 This study
AJ235 MG1363/pAJ164 This study
AJ239 MG1363/pAJ80 and pAJ164 This study
AJ268 MG1363/pAJ167 This study
AJ299 MG1363/pAJ80 and pAJ95 This study
AJ300 MG1363/pAJ200 This study
AJ301 MG1363/pAJ80 and pAJ167 This study
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and rerm3PstI or PextPstI and rerm3HindIII, and hence
digested with PstI or PstI and HindIII prior to cloning in
pAK80 digested with PstI or PstI and HindIII. The resulting
constructions thus contained the P3 fragments fused either
as a PL fusion (pAJ149) or a PR fusion (pAJ155) to lacLM,
respectively. The PCR products P5 (primers AJ003 and
PextPstI) and P6 (primers rerm3PstI and AJ004) were both
digested with PstI and cloned into PstI-digested pAK80
giving rise to the plasmid pAJ167 (P5-PL fusion to lacLM)
and pAJ164 (P6-PR fusion to lacLM). For the overexpres-
sion of the TP901-1 repressor the cI gene was amplified
using genomic phage TP901-1 DNA as a template and the
primers ORF4A and ORF4B. The resulting PCR product
was digested with BamHI and HindIII and cloned in the E.
coli expression vector pUHE23-2 (corresponding to the
pZE13-MCS2 vector according to Lutz and Bujard (1997)
also digested with BamHI and HindIII, resulting in plasmid
pAJ132. All plasmid constructions were sequenced to en-
sure that no mutations were introduced during the PCR
amplification.
Operator site mutants
L. lactis PM75 containing plasmid pPM126 were grown
overnight in GM17 containing erythromycin. The culture
was chemically mutagenizied with ethylmethane sulfonate
essentially according to Sambrock et al. (1989). The mu-
tagenized cells were harvested, resuspended in GM17 sup-
plemented with erythromycin, and grown for three genera-
tions. The cells were plated on GM17 agar containing
erythromycin and X-gal. Plasmid DNA from two blue trans-
formants were isolated and transformed to strain AJ98 (con-
taining pAJ80, donating CI in trans). Operator site mutants
were identified as transformants that appeared as blue col-
onies on GM17 plates containing erythromycin, chloram-
phenicol, and X-gal. Plasmid DNA (pAJ157 and pAJ200)
was isolated and sequenced.
Mutagenesis of plasmid pAJ149 was performed by trans-
formation to E. coli XL1Red cells as described by the
supplier (Stratagene). Mutagenized plasmid DNA was
transformed to AJ98 and plated on GM17 plates containing
erythromycin, chloramphenicol, and X-gal. One transfor-
mant appeared blue on X-gal plates. Plasmid DNA from this
strain was isolated and transformed to L. lactis MG1363.
Colonies appearing blue on X-gal plates, resistant to eryth-
romycin and sensitive to chloramphenicol (corresponding to
loss of the pAJ80 plasmid), were isolated. Plasmid DNA
(pAJ158) of one of these transformant was isolated and the
PR–PL region sequenced.
Primers used in this study
For construction of plasmids and DNA fragments for
gel-mobility shift assays and DNaseI footprinting the
following primers were used: rerm3BamHI (5-GCG-
CGGATCCCTTTCAGCCATGATCTG-3), rerm3HindIII
(5-GCGCAAGCTTCTTTCAGCCATGATCTG-3), rerm3PstI
(5-GCGCCTGCAGCTTTCAGCCATGATCTG-3), AJ003
(5-GCGCCTGCAGTTTTGTTGACAAAGATAAA-3),
AJ004 (5-GCGCCTGCAGTTTATCTTTGTCAACAAAA-3),
Erm2ABamHI (5-GCGGATCCCACGTTTCATGAAC-
TTT-3), PextPstI (5-GCGCCTGCAGAGACACAGTT-
CTCTCTG-3), ORF4A (5-GCGCGGATCCAAAAAA-
GAGGTTTTTATGAAAACTGA-3), ORF4B (5-GCG-
CCTGCAGTCATAAATCGCCTTTATCAA-3), pAK80
Table 3
Plasmids used in this study
Plasmids Descriptiona Promoter fusion or
relevant genotype
Reference
pAK80 Promoter probe vector; ErmR lacLM Israelsen et al., 1995
pC1372 Shuttle vector, CamR Hayes et al., 1990
pUHE23-2 Expression vector, IPTG inducible, AmpR PA1 Lutz and Bujard, 1997
pPM92 orf4-orf 9 Madsen et al., 1999
pPM126 cI PL lacLM Madsen et al., 1999
pPM136 cI SpeI site filled cI PR lacLM Madsen et al., 1999
pPM138 cI SpeI site filled cI PL lacLM Madsen et al., 1999
pAJ80 pCI372::PR cI PR cI Madsen et al., 1999
pAJ92 pAK80::P2 (PCR:3142-3332/BamHI) PL lacLM This study
pAJ95 pAK80::P2 (PCR:3142-3332/BamHI) PR lacLM This study
pAJ132 pUHE23-2::cI (PCR:2646-3203/BamHIPstI) PA1 cI This study
pAJ149 pAK80::P3 (PCR:3142-3458/PstIHindIII) PL lacLM This study
pAJ155 pAK80::P3 (PCR:3142-3458/PstI) PR lacLM This study
pAJ157 M2, EMS pPM126 (3329:C3T) PL lacLM This study
pAJ158 M1, XL1Red pAJ149 (3322:C3T) PL lacLM This study
pAJ164 pAK80::P6 (PCR:3142-3292PstI) PR lacLM This study
pAJ167 pAK80::P5 (PCR:3274-3458/PstI) PL lacLM This study
pAJ200 M3, EMS pPM126 (3333:A3G) PL lacLM This study
a Coordinates in parentheses refer to the TP901-1 sequence (GenBank Accession No. AF304433).
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(5-TCCTTTCAAAGTTACCC-3), and pAK80erm (5-
TTTCAACTGCCTGGCAC-3).
Protein expression and purification
For overexpression of cI in E. coli the strains AJ145
(pUHE23-2, vector control) and AJ157 (plasmid pAJ132,
cI) were grown at 37°C with agitation in Luria-Bertani broth
(Sambrock et al., 1989) (Difco Laboratories) supplemented
with 100 g ampicillin/ml and 10 g tetracycline/ml. At an
optical density of 0.5 at 450 nm induction was initiated by
addition of isopropyl-l-thio--D-galactopyranoside to a final
concentration of 1 mM and the cultures were incubated for
an additional 4 h. All steps in the purification of CI were
performed on ice. The cultures were harvested and washed
in EluC buffer (20 mM Tris-HCl, pH 7.5; 1 mM EDTA, pH
7.5; 100 mM NaCl; 5 mM MgCl2, 1 mM DTT; 5% glyc-
erol), resuspended in EluC buffer, and pressed twice in a
French press, followed by centrifugation. The pellet was
resuspended in a buffer with high salt (EluA; 20 mM Tris-
HCl, pH 7.5; 1 mM EDTA, pH 7.5; 1 M NaCl; 1 mM DTT,
5% glycerol), incubated on ice for 1 h, and centrifuged. The
supernatant was treated with streptomycin sulfate until a
final concentration of 2% (w/v) under continuous stirring at
4°C overnight. The mixture was centrifuged and the super-
natant was precipitated with ammonium sulfate until 70%
saturation. After centrifugation the pellet was dissolved in
EluC buffer and dialyzed against EluC buffer. The extract
was analyzed by SDS-PAGE (Laemmli, 1970) and densi-
tometer scanning of the protein bands in the gel indicated
that the protein preparation was at least 80% pure. Further-
more, N-terminal amino acid sequence analysis revealed the
expected composition. The absolute protein concentration
of the extracts was determined by amino acid analysis
(Barkholt and Jensen, 1989). CI concentrations indicated in
this paper are calculated as the absolute CI concentration
determined by amino acid analysis divided by the theoret-
ical molecular weight of CI and hence expressed in mono-
meric equivalents.
Amplification and labeling of DNA fragments for gel
electrophoresis mobility-shift assays
Amplification of TP901-1 DNA fragments (P2–P6) was
performed with templates and primers as described under
Materials and methods for construction of the plasmids used
in this study. The control DNA fragment (CF) was amplified
with plasmid pAK80 (Israelsen et al., 1995) as template and
primers pAK80 and pAK80erm. The DNA fragments for
analysis of the operator site mutants (M1–M3) were ampli-
fied with pAJ158, pAJ157, and pAJ200, respectively, as
templates and with primers rerm3HindIII and PextPstI. Dur-
ing -P33-labeling of the DNA fragments the concentration
of unlabeled nucleotides (dGTP, dATP, dTTP, and dCTP)
was 25 M and the concentration of -P33-labeled dATP
(Amersham Pharmacia Biotech) was 0.4 Ci/l (160 M).
The PCR product was purified by the GFX kit (Amersham
Pharmacia Biotech) and eluted in 100 l water. The con-
centration of the DNA fragments was determined by elec-
trophoresis in a 5% polyacrylamide gel with a DNA mass
standard (Low DNA Mass ladder, GibcoBRL). The poly-
acrylamide gels were dried in a vacuum drier and counted in
an Instant Imager (Packard Instrument Co.). An incorpora-
tion of approximately 2–8% of radioactivity was achieved
in the purified PCR products.
Standard gel electrophoresis mobility-shift assays (EMSA)
The protein extracts used for the gel-shift mobility assays
were obtained from strain AJ145 (control) or AJ157 (ex-
pressing CI) as described above. Plasmid pAK80 digested
with BamHI and purified with the GFX kit (Amersham
Pharmacia Biotech) was used as competitor DNA. The
binding reactions were performed in a total volume of 10 l
and predominately as described in Taylor et al. (1994).
Binding buffer (final concentration: 20 mM Tris-HCl, pH
7.5; 1 mM EDTA, pH 7.5; 0.1 M NaCl; 1 mM DTT; 5%
glycerol; 20 g/ml BSA), competitor DNA (final concen-
tration 10 ng/l), and /1 l of protein extract (twofold
dilutions) were mixed and incubated on ice for 15 min. The
-P33-labeled DNA was diluted to 1 nM and 1 l added to
the binding reactions, followed by incubation for 30 min on
ice. The binding reactions were mixed with sample buffer
and run on a 5 % polyacrylamide gel for 90 min at 120 V
(running buffer 1X TBE) in an ice bath placed in a cold
storage room (0.8°C). The gels were dried in a vacuum drier
and counted in an Instant Imager and analyzed with the
Packager Imager for Windows software (Packard Instru-
ments Co.).
DNaseI footprinting with CI and P3
The footprint reactions were performed essentially ac-
cording to Galas and Schmitz (1978). Labeling of P3 DNA
fragment was performed in a PCR with -P32-labeled
primer (rerm3HindII or PextPstI) and unlabeled primer
(PextPstI or rerm3HindIII, respectively) using plasmid
pAJ149 as template. The primers were end-labeled with
-P32 (Amersham Pharmacia Biotech) and T4 polynucle-
otide kinase (GibcoBRL) as described by the supplier and
purified with the GFX kit (Amersham Pharmacia Biotech).
PCR-labeled P3 DNA fragment (1 l), nonspecific DNA
(15 g/ml pAK80 (Israelsen et al., 1995) digested with
BamHI), binding buffer (final concentration: 20 mM Tris-
HCl, pH 7.5; 1 mM EDTA, pH 7.5; 0.1 M NaCl; 1 mM
DTT, 5 % glycerol; 20 g per ml BSA), and various
amounts of purified CI protein were mixed and incubated
for 30 min at room temperature. The reactions were equil-
ibrated for 10 min at 36°C minutes prior the addition of
DNaseI (Sigma, 650 Kunitz units/mg) at a final concentra-
tion of 2 g/ml in a total volume of 100 l. After 20
seconds of DNaseI digestion at 36°C the reactions were
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stopped by the addition of 100 l stop solution (15 mM
EDTA, 20 g/ml Carrier DNA (salmon sperm DNA (Sig-
ma) denatured and fragmented by sonication and at least
four phenol extractions, followed by ethanol precipitation))
and 200 l phenol. The DNaseI-digested DNA was ex-
tracted from the top phase, precipitated by ethanol, and
electrophoresed on a 6% denaturing polyacrylamide gel for
2 h at 70 W along with an A/G sequence reaction performed
by the procedure of Nehls and Boehm (1993). After drying
in a vacuum dryer the gel was exposed to an X-ray film
(Kodak BioMax MS) for 24 h.
Cross-linking of CI
Purified CI protein was used in cross-linking experi-
ments as described by Ramesh and Nagaraja (1996) except
for minor modifications. Two micrograms of CI protein was
incubated with increasing amounts of the cross-linker glu-
taraldehyde in the binding buffer used for EMSA in a total
volume of 20 l for 30 min at room temperature. The
cross-linking in the presence of specific DNA (P3) was
performed under identical conditions except that the protein
was preincubated with P3 DNA (240 ng and 4.1 g) for 10
min at room temperature prior to the addition of glutaral-
dehyde. The relative molar amount of CI to DNA was 85:1
and 5:1, respectively (CI concentration calculated as mono-
meric equivalents). All reactions were stopped by the addi-
tion of SDS-PAGE sample buffer followed by boiling and
the samples were analyzed by SDS-PAGE gel (Laemmli,
1970).
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